ABSTRACT In order to detect the deformation and strain of materials accurately, the key is to obtain the phase information caused by dynamic loading in digital speckle pattern interferometry (DSPI). In this paper, the evaluation method of quality of the speckle pattern in DSPI system is proposed, and the influence of the size of speckle grain on the stability and contrast of speckle pattern is discussed. And then, the strain detection experiments of inactive and bioactive materials are provided with different aperture slit size under the same detection conditions. The size of speckle grain has an important influence on the quality of speckle pattern. For strain detection of inactive materials, using the small size of speckles can obtain higher quality speckle pattern under the condition of satisfying the Nyquist theorem and spectral separation. For active biomaterials, non-structural factors easily induce the instability of speckle pattern, which leads to the decorrelation of between pre-deformation and post-deformation speckle pattern. So the compromise between the stability and the information capacity of speckle images should be considered in the selection of speckle size. Experiments show that the optimum size of speckles used for strain detection active biomaterials is larger than that of inactive biomaterials under the same conditions in the same DSPI system. INDEX TERMS Speckle stability, image contrast, de-correlation, speckle size, strain distribution detection.
I. INTRODUCTION
The strain detection of bioactive materials is becoming more and more important. For example, in the process of prosthetic limb design and replacement, there are various challenges in improving prosthetic devices for patients with lower limb amputation and total joint replacement. One of the major problems with existing equipment is that it cannot be applied to wet and active biomechanical interface at the bone surface. Determining the strain distribution and assessing potential stress mismatches at the interface is critical to prevent misalignment, loosening, infection in the interfacial space, or induction of osteonecrosis [1] . Although computeraided design (CAD) software and finite element modeling are useful for the evaluation of bone deformation and strain [2] - [4] , these models need to be verified by precise boundary conditions and material property parameter.
The associate editor coordinating the review of this article and approving it for publication was Mu Zhou. What is more, due to the bone is a non-uniform anisotropic material [5] , it is also necessary to measure the microscopic strain to understand the biomechanical of the bone interface. So it is very important to carry out experimental measurements on the deformation and strain at the bone interface.
Non-destructive testing (NDT) is a technique used to evaluate the strain of a structure or product without causing damage [6] . Optical NDT techniques have such advantages as real-time inspection, whole-field test, non-contact measurement, and high-sensitivity [7] , and have been widely used in deformation measurement. The optical NDT mainly includes holographic interferometry (HI) [8] , digital speckle pattern interferometry (DSPI) [9] , [10] , digital image correlation (DIC) [11] , etc. Unfortunately, the difficulty in obtaining high quality speckle patterns blocks the application of optical NDT technology to biomaterial detection. DSPI, originally called as electronic speckle pattern interferometry (ESPI) [12] , is considered as the most reliable method for measuring microscopic deformation, strain and even temperature [13] - [17] and its application is regarded as the new era of NDT strain detection [18] - [25] . However, the DSPI cannot be directly applied to strain detection of bioactive materials, especially in physiological conditions. One of the biggest challenges is the de-correlation of speckle patterns caused by instability [26] . Unlike the inactive materials (for example, metal materials, dry biomaterial, etc.), the bioactive materials have the random motion of water molecule, which makes distribution of water molecule on the measured surface constantly change with the change of external environment, and it will lead to the instability of speckle pattern, which will lead to serious noises in phase map from pre-deformation and post-deformation speckle pattern. With the increase of speckle instability, the noise caused by the de-correlation becomes more and more serious, eventually the phase information being submerged in the noise. There are some reports on how to improve the correlation of laser speckle patterns [27] - [29] . Gaudette measured the surface deformations of epicardial heart based on the DSPI technology, in which he placed carbon-silicon particles on the heart surface to change the characteristics of the active surface [30] . Ping achieved the strain measurement of the bone active surface by introducing phosphate buffer saline medium imaging environment to reduce the influence of wet surface [31] . Although these methods can restrain the de-correlation of speckle patterns caused by the activity of the detected object to a certain extent, they are still not of universal significance. How to use the existing DSPI detection system to obtain the best speckle patterns is one of the most critical technologies for strain detection.
At present, little consideration is given that the size of speckle grain how affects stability of speckle patterns in the design of the DSPI system which is suitable for biomaterials strain detection, and few discussion of the size of speckle is found in the related research fields, such as the effect of speckle size on random phase measurement error in non-physiological conditions [32] and contrast imaging in physiological conditions [33] , [34] . Considering that the size of aperture slit in DSPI can change the size of speckles, the influence of speckle size on the quality of speckle patterns is studied by changing the size of aperture slit in this paper. The comparative experiments of strain detection of inactive materials and active biomaterials have proved the influence of speckle size on the quality of speckle patterns acquired by different detection objects in design of DSPI system. The paper is structured as following: In section II, the experimental device is introduced and the effect of speckle/pixel ratio on image quality in DSPI system is analyzed. In section III, the evaluation method of speckle image quality is proposed. Section IV the influence of the size of speckles on the quality of speckle pattern is analyzed by changing the size of the aperture slit and in the section V, the strain detection experiments of inactive and bioactive materials are provided with different aperture slit size under the same detection conditions in DSPI, and then the conclusion is given in section VI.
II. EXPERIMENTAL DEVICE AND THE REQUIREMENTS FOR THE SPECKLE/PIXELSIZE RATIO A. THE SCHEMATIC OF THE EXPERIMENTAL SETUP FOR SPECKLE IMAGE ACQUISITION
In this paper, we take the metal aluminium plate and fresh bones as the research object and design a DSPI detection system based on spatial phase shift technology to explore the influence of the size of speckles on the quality of speckle patterns. Figure 1 show the schematic of the experimental setup for speckle patterns acquisition generated in time by the illumination of the samples using a solid-state laser beam (532.8nm, 0-2.5W). The experimental system mainly consists of DSPI imaging unit, loading device and computer system, etc.
In Figure 1 , the solid-state laser emitted a beam with a wavelength of 532.8nm. According to the requirements of DSPI imaging system, the coherent light source is split into a reference beam (5/100) and an object beam (95/100) by FIGURE 1. The schematic of the experimental setup for speckle patterns acquisition with DSPI. VOLUME 7, 2019 a beam splitter. The object beam is expanded by a beam expander (BE) and then illuminates the object. The diffused object light reflected from the object and goes through a slit aperture, imaging lens (the focal length is 100mm), semireverse mirror and arrives at the CMOS (Basler pixel size 3.45µm × 3.45µm, resolution of 2448 × 2048 pixels, sampling rate 23 fps). On the other hand, the reference beam goes through another beam expander (BE), adjustable attenuator, semi-reverse mirror and reaches tilting mirror. After being reflected by the tilting mirror, the speckle pattern generates as a result of the interference between the reference beam and object beams is recorded by a CMOS camera. The tilting mirror introduces a spatial carrier in the x-axis of the reference beam which allows the Fourier method to retrieve the optical phase. The angle of the tilting mirror is related to the pixel size of the CMOS camera's sensor and the illumination wavelength.
The electric load-driven system includes voice coil motor, clamping device, loading tip, loading control system, etc. the minimum loading displacement of electric loading system is 0.5µm. After the samples are fixed, the loading system generates a fixed displacement to produce a strain. The adjustable aperture silt size can be set from 0.05 mm to 6.2 mm. In the designed DSPI, the amplification factor of the optical system equal to 0.1207.
B. METHOD OF CONTROLLING SPECKLE SIZE
In DSPI, the quality of the speckle pattern must be considered as the first step before phase data processing for dynamic loading strain detection, as is notably necessary in biological samples where its activity is very high under physiological conditions. The speckle pattern is the carrier of information in the DSPI system. Speckle attributes not only affect the quality of speckle pattern, but also affect its stability [35] . Especially when the DSPI system is applied to high-precision strain detection of bioactive materials, speckle size plays a key role in the performance of the detection system. In the DSPI system, the size of the individual speckle is not determined by the structure of the surface producing it or by the scattering center's distribution [36] . It is determined entirely by the f-number of the optical system used to observe the speckle pattern. The relationship between the speckle size and the f-number (F) of the compact macro lens is given by the formula (1) [37] :
where, M is the optical magnification, λ is the wavelength of the laser, and F is the f-number of the lens. The F is determined by the following formula (2) [38] .
where, D is the size of the aperture slit and f is the focal length of the imaging lens. For optical system designed in DSPI, laser wavelength λ, the focal length f and the magnification M are fixed, therefore, the size of speckles can be controlled by changing the size of the aperture silt.
C. REQUIREMENTS FOR THE SPECKLE-PIXEL SIZE RATION IN DSPI SYSTEM
The purpose of selecting the optimum speckle size in the DSPI system is to maximize the information of phase image and to improve the spatial resolution of speckle image [39] . Thus in the paper, whether the optimal speckle image can be obtained is explored by adjusting the aperture slit size. In order to better analyze the influence of speckle size on system performance, we propose the concept of speckle-pixel size ratio, and use the sampling theorem to analyze the constraints of speckle size in DSPI. The terms such as specklepixel size matching [40] or speckle-pixel size ratio [41] are defined as a universal parameter in many speckle imaging systems. According to the Nyquist theorem, the speckle-pixel size ratio should be greater than 2 [42] . However, the higher the speckle-pixel size ratio is, the less information the speckle pattern has in a DSPI system. Considering that there are many factors affecting the quality of phase image in process of strain detection, how to choose the speckle/pixel ratio is a complex process. Therefore, it is not possible to determine the optimal speckle size for obtaining high quality speckle image only by using Nyquist theorem. The Nyquist theorem is only the basic requirement for the selection of speckle size. In this paper, strain detection is based on DSPI system, and the image acquired by CMOS is the sum of vectors from the reference light and object light. Size of speckle which is formed by object light can be determined by the formula (1). Owing to relatively uniform parallel beam, the reference beam only changes the overall light intensity on the CMOS and has no effect on the distribution of speckles. So the reference light will not affect the stability of speckles in DSPI. Particularly, for the moment of inertia (IM) which is based on the variety of the Time History Speckle image (THSP). The introduction of reference light only changes the spatial position of the co-occurrence matrix (COM) along the diagonal line, but is does not change the value of IM.
In addition, for the DSPI system based on space phase shift technology, the aperture slit size not only affects the size of speckle grain, but also is closely related to the carrier frequency of the system. The choice of carrier frequency is one of the most basic necessary procedures and must meet the following requirements: a) the carrier frequency should be large enough to achieve complete separation of all spectrums; b) all valid spectral frequencies should not exceed the maximum spatial frequency of the camera. So there is a constraint relationship as shown below for DSPI system [43] .
where, f s represents the spatial resolution of the speckle image, which can be expressed as f s = 1/2r speckle . f max is the maximum spatial frequency of camera. It can be expressed as f max = 1/2d pixel , and d pixel is pixel size. Then, equation (3) can be written as r speckle ≥ 6 d pixel . This indicates that the speckle-pixel ratio should be greater than 6.
According to the designed experimental system, the radius of speckle grains is controlled by the aperture slit size. The relationship between the aperture size and the speckle-pixel ratio can be obtained, as shown in the table 1. For observing the relationship between the aperture slit size and the speckle-pixel size ratio, the corresponding curve is drawn according to the Table 1 , and the result is shown in Figure 2 . The Nyquist theorem is usually used as the most basic rules for speckle size in DSPI system. In the design of DSPI system, the corresponding aperture slit size should be less than 20mm according to the Nyquist theorem. Furthermore, for DSPI system based on spatial phase shifting, the spectral separation is met only when the speckle-pixel ratio is greater than 6, in which the corresponding aperture slit size should be less than 3.2 mm. So, taking these two aspects into consideration, the following studies only need to be considered when the width of the aperture slit is less than 3.2mm.
III. EVALUATION OF SPECKLE IMAGE QUALITY
Acquiring accurate phase information is the key to strain detection using DSPI technology. The detection of phase information depends on the quality of speckle pattern before and after deformation. The stability and the contrast of speckle pattern are the most critical indicators. The speckle stability directly determines the correlation of speckle images before and after strain, and affects phase image quality [31] . Speckle image contrast directly affects the quality of the speckle image [44] . In this section, we mainly discuss the stability evaluation and the contrast calculation of speckle pattern.
A. STABILITY EVALUATION OF SPECKLE PATTERN
Moment of inertia (IM) is based on the construction and analysis of Time of the History Speckle image (THSP) [45] . The moment of inertia method, often abbreviated as IM, has been considered to be the most effective stability evaluation method, which can return dimensionless data to characterize low or high stability of the observed material based on changes in the THSP image [46] . For the assessment of speckle stability, a certain number of time series speckle images were recorded to monitor the same area. Then, the same rows from the time series images are selected to construct a new image. The constructed image is called THSP. In the THSP, the rows pixels indicate different spatial location points, and the columns represent the change of light intensity in the time domain at the same location.
After the THSP image is constructed, its corresponding cooccurrence matrix (COM) and moment of inertia (IM) can be obtained separately. Among them, the co-occurrence matrix can be built by the following formula [47] .
In the formula above, i and j represent the gray value of the pixels, and N represents the number of times j follows i in the THSP.
The COM is built by the calculation of N , in which the ith row and jth column elements are value of N . So, if the COM is from a static sample, it will only have non-zero elements on its diagonal line. In contrast, if the COM is constructed by speckle images from active sample, its COM will appear to be a cloud pattern near the diagonal line.
The moment of inertia method is capable of calculating the stability value of a sample by the co-occurrence matrix. The corresponding calculation formula is as follows [48] .
where, M ij represents the probability of occurrence of N ij , and the expression of M can be written as:
The obtained IM value is based on a series of time domain speckle images, so the IM value can be used to indicate the VOLUME 7, 2019 degree of stability of speckle image. And the smaller the IM value is, the more stable the speckle is.
B. QUALITY OF SPECKLE PATTERN
In the DSPI detection system, the speckle pattern is used as the information carrier of the strain caused by dynamic loading, so it is very necessary to evaluate the quality of speckle pattern. Contrast is an important index for evaluating image quality and one of the effective methods to evaluate the contrast is calculating the power spectrum width [49] . The power spectrum is a frequency domain variable that shows the spectral intensity distribution over spatial frequencies and reflects the energy corresponding to different frequencies in the frequency domain [50] . Therefore, with the deterioration of image quality, the image details became blurred which also narrow the width of the power spectrum. So width of the power spectrum can be used to evaluate the amount of information in the speckle image [51] . The power spectrum calculation method is as follows [52] .
where, F(u, v) is the Fourier transforms of the speckle images, and f (x, y) is the speckle image, M and N are the width and height of speckle image, respectively.
where, (u, v) is the power spectrum distribution function, For measuring the contrast accurately, we need to specifically define the concept of power spectrum width. Generally speaking, if the power spectrum comes from a realistic signal, its energy distribution will show a gradual upward or downward trend along the frequency. So we define a boundary between the region of substantial energy and minimal energy. In the paper, the half-power point is defined as the boundary where the power is half the maximum value in the signal [49] . Thus, the power spectrum width can be obtained, and it is used to characterize the contrast of speckle images.
IV. EFFECT OF THE SIZE OF SPECKLES ON QUALITY OF SPECKLE PATTERN COME FROM BIOACTIVE MATERIALS
In the paper, a series of experiments were carried out to explore the effect of size of speckles on the stability and contrast of speckle patterns from bioactive materials. According to the schematic of the experimental setup shown in Fig.1 , the experimental set-up used to acquire the speckle patterns is shown in Figure 3 . In the experiment, the speckle size can be controlled by changing the aperture size in the DSPI system.
A. EXPERIMENTAL SAMPLE
In the paper, the pigs ex vivo tibiae and femur are used as experimental sample to prove the effect of size of speckles on quality of speckle patterns in DSPI applied to strain detection of bioactive materials.
In order to ensure the activity of the detected object, all the experimental samples are taken from living organisms and placed in a non-culture environment no more than two hours. At the same time, in order to minimize the measurement error caused by soft tissue, this tissue should be removed as much as possible before detection experiment. The selected bone samples (sample number: #1∼#4) are given in Figure 4 (red rectangle selected area is the observation area).
B. SPECKLE STABILITY TEST UNDER DIFFERENT APERTURE SLIT SIZE
By using the DSPI experimental device shown in Figure 3 , the stability of speckle image come from bone samples was measured under 15 different aperture slit sizes, and continuous 64 images were acquired for calculating the IM every time. For ensuring the samples with same activity in each test, each test sample will be taken out of the culture medium for no more than one hour before loading strain test. The monitoring results are shown in Figure 5 . As shown in Figure 5 , with the aperture slit size becoming smaller, the speckle pattern becomes more stable, which proves that a bigger speckle size have a positive influence on stability of speckle patterns in continuous time. However, when the aperture size becomes larger, the size of speckles becomes smaller and the stability of speckle image becomes worse, which will weaken the correlation between predeformation speckle pattern and post-deformation speckle pattern. Therefore, a smaller aperture slit size for restraining speckle de-correlation is a better choice.
In the course of experiment, for avoiding the variety of light intensity caused by the change of aperture slit size, the output power of the laser is adjusted to ensure that the speckle image with same light intensity under different aperture slit size.
C. CONTRAST ASSESSMENT OF SPECKLE PATTERN
As mentioned above, the smaller aperture slit size means that the speckle pattern carries less information. What is more, for the strain detection with DSPI, it means that the quality of the phase map became worse and will make the subsequent strain detection difficult. Therefore, it is very necessary to evaluate the contrast of the speckle pattern. In the experiment, the four groups of experimental samples shown in Figure 4 are taken as the research object. For each group of experimental objects, speckle patterns with different speckle size are obtained by changing the size of aperture slit in DSPI system, and the contrast of the speckle patterns is analyzed. Figure 6 shows the parts of speckle patterns obtained with different aperture slit size from 0.05 to 3.2 mm.
From Figure 6 , we can see that large aperture size will produce smaller speckle grains, and the obtained speckle patterns will become clearer. Based on the evaluation method for the quality of speckle pattern described above, the corresponding power spectrum can be calculated. The larger the slit size of the aperture is, the wider the power spectrum of the speckle image is. The relationship between the spectral width and the aperture slit size is shown in Figure 7 .
It can be seen from Figure 7 , when the aperture slit size is 3.2mm, the gray level of the speckle pattern changes drastically. At this time, the power spectrum of the image is the widest. As the size of the aperture decreases, the power spectrum width becomes narrower and narrower. When the aperture slit size is 0.05 mm, the gray level of the speckle pattern changes slowly, and the corresponding power spectrum width is only 7µm −1 . It is proved that as the speckle size increases, the variety of speckle pattern becomes more and more slowly, the corresponding power spectrum width decreases, and the contrast of the speckle pattern gets worse. This is because the larger speckle size can reduce the spatial cut-off frequency of the Fourier domain, resulting in subsequent degradation of the phase image quality in DSPI. Therefore, the size of speckles is critical for speckle measurement techniques and it is directly related to spatial resolution. In terms of acquiring image information, it has great significance to set larger aperture slit size which can make speckle patterns carry more information.
V. EFFECT OF THE SIZE OF SPECKLES ON STRAIN DETECTION OF INACTIVE AND ACTIVE MATERIALS
From the above experiments, it can be seen that the choice of speckle size is very important for the DSPI system applied to strain detection of bioactive materials. In fact, for the strain detection of inactive biomaterials, we can calculate the optimal aperture slit size according to the relevant parameters of the designed DSPI system, so as to obtain the best phase image. But for the strain detection of bioactive materials, due to the influence of surface activity, how to obtain the optimal size of aperture slit needs to be studied through experiments. If the slit width is too small, larger speckle particles can be obtained which can make the speckle pattern stable, and the correlation between the pre-deformation and post-deformation of speckle patterns is strong. However, due to the poor contrast of speckle pattern, the system may not be able to detect strain. On the contrary, if the aperture slit is too wide, a smaller size of speckle will be produced. Although the richer information can be acquired from speckle patterns, the increase of the instability of speckle patterns will lead to the serious noise caused by the de-correlation of speckle patterns, which will make the phase information submerged in the noise. Therefore, it is very important to evaluate whether there is a compromise between the stability and the contrast of speckle image by choosing the optimal aperture slit size (speckle size) in DSPI system.
In the following experiments, we used two groups of experimental samples, non-active aluminum plate and active biomaterials, to study the quality of phase maps from the pre-deformation and post-deformation speckle pattern under the same loading conditions, respectively, which can prove the optimal speckle size is different when DSPI is applied to strain detection of inactive and active materials. In the following experiments, the quality of phase image is evaluated by calculating the average gradient of filtered phase maps [53] .
A. DETECTION EXPERIMENT OF INACTIVE MATERIALS
Firstly, the strain of inactive metal materials is detected by using the DSPI system designed in this paper. In the experiment, the experimental device of DSPI is shown in Figure 3 . Aluminum metal plate will be used as a substitute for bioactive biomaterials. In order to achieve spectrum separation, the range of spectrum should be expanded as far as possible, so as to maximize the signal-to-noise ratio of phase images [43] , [54] . Therefore, under the condition of formula (3), maximum critical value of aperture slit is the optimal slit size for the strain detection system of DSPI. According to the sampling theorem, the maximum spatial frequency that the camera can recorded image information can be expressed as f max = 1/2d pixel and the carrier frequency can be expressed as f carrier = sinβ/λ. So, from formula (3), we can get:
Among them, β is the shear angle, λ is the laser wavelength, and d pixel is the pixel size.
By substituting the above relationship into the experimental system of DSPI designed in this paper, the shear angle β in the experimental system can be calculated, and should satisfy the following conditions:
At the same time, the relationship between the aperture slit size and shear angle β can be deduced from formula (3) when 4f s is less than f carrier .
At the same time, the relationship between the aperture size and the shear angle can also be deduced from the 4f s ≤ f carrier in formula (3) .
where, f is lens focal length and D is slit size. The size of the aperture size needs to satisfy the conditions:
According to the optimal slit selection theory of the abovementioned DSPI system, when the DSPI designed is applied to the detection of inactive materials, we can obtain the maximum spectrum range by setting D to 3.1365 mm, then the best phase image quality can be obtained. In order to verify the above theory, the metal aluminium plate is used as the experimental object as shown in Figure 8 . (The center of circular aluminium plate is loaded with micrometers).
Using the strain detection system of DSPI designed in this paper, the quantitative strain loading experiments of aluminum plate specimens were carried out under different aperture slit sizes. Fig.9 shows the phase images before and after deformation came from different aperture sizes under the same loading conditions. According to Fig. 9 , when the slit size satisfies spectrum separation, the larger the slit, the better the phase image quality. As stated in some reports [55] , [56] , gradient features are basic and inherent properties of human visual perception that are commonly used to characterize the various of an image, and the average gradients can be used to characterize the overall quality of the image. In order to evaluate the quality of different phase images more objectively and accurately, all phase images are preprocessed by the same filtering method and then the average gradients are calculated, respectively. The experimental results are shown in Fig. 10 .
It can be seen from Fig.9 and Fig.10 that the size of aperture should be as large as possible to obtain better phase image quality as long as the critical condition of spectrum separation (e.g., the slit size of this experimental device is about 3.2mm) is satisfied when the DSPI system is applied to strain detection of inactive materials such as metals, etc. This is mainly because when DSPI is applied to strain detection of inactive materials, the phenomenon of speckle image decorrelation becomes a secondary factor affecting the quality of speckle pattern due to the inactivity of the surface of the testing materials, and the contrast of the images becomes the main factor. Therefore, on the premise of satisfying the spectrum separation, the bigger the size of slit, the better the quality of phase image is. So the average gradient decreases with the decrease of the slit size generally.
At the same time, we can also see from Fig. 10 that when the slit size is about less than 0.3mm, because the amount of information carried by the speckle patterns too little, the ideal phase image can't be obtained. In this case, the image noise will lead to the discontinuity of the phase and the abrupt change of the fringes in the image, resulting in the increase of the average gradient value of the phase image, in which the average gradient value will can't be used to evaluate the quality of the image.
B. DETECTION EXPERIMENT OF ACTIVE MATERIALS
Using the same experimental device shown in Figure 3 , the loading strain detection experiments of bone samples were carried out under different aperture slit sizes. The loading mode is side displacement loading, and the displacement is 5µm each time. Fig.11 shows the phase maps of sample #1 corresponding to 5µm displacement loading under different aperture slit size from 0.05mm to 3.2mm and Fig.12 shows the phase maps of sample #2 corresponding to 5µm displacement loading under different aperture slit size from 0.05mm to 3.2mm.
According to the Fig.11 and Fig.12 , the phase map quality is evaluated by calculating the average gradient of the image. Similarly, we first process all phase maps with the same filter, and then calculate their average gradient. The experimental results of four groups of samples are shown in Figure 13 .
It can be seen from Figure 13 , for the strain detection of active bones under physiological conditions in DSPI, the average gradient increases first and then decreases with the reduction of the slit size, and the variation of average gradient can be divided into a rising process and a falling process. In the rising process (the slit size is from about 3.2 mm to 1.2 mm), the quality of the phase image is mainly affected by the stability of the speckle pattern because of the activity of the detection object. With the decrease of the size of the aperture slit, the stability of the speckle pattern generated by the system increases, which improves the quality of the phase image. Conversely, in the falling process (the slit size is reduced from about 1.2 mm to 0.05 mm) in which the size of the aperture slit has been reduced to a certain critical value, the speckle particles generated by the system will make the stability of the speckle pattern meet the correlation requirements before and after deformation. At this time, the amount of information contained in the speckle pattern will be the main factor affecting the quality of the phase image. Therefore, with the decrease of aperture slit, the amount of information of speckle pattern decreases, which will result in a decrease in the quality of the phase image.
So the optimal aperture slit size is not the maximum size in which the speckle pattern carries the richest amount of information. The main reason is that the size of the aperture slit is too large and the speckle size is small, which makes the speckle pattern too sensitive to detect the disturbance on the surface of the bioactive materials, and leads to the instability of the speckle pattern. Therefore, it is necessary to reduce the size of the aperture slit size to produce larger speckle particles, so as to improve the stability of the speckle image. When the aperture slit size is between 1.0 mm and 1.5 mm, the phase pattern quality is the best, which means the compromise between speckle stability and speckle image information is reached. At this time, the speckle size is the optimal size in DSPI.
VI. CONCLUSION
Through the above research, it can be seen that the optimal speckle size in DSPI is different when it is applied to different detection objects. For most inactive engineering materials, such as metal materials, its surface properties are stable for the absence of physiological environment and the speckle patterns between pre-deformation and post-deformation have strong correlation, so the speckle size should be as smaller as possible based on the premise of satisfying the sampling theorem and spectrum separation to obtain the maximum spectrum range.
When the application of DSPI technology to the strain detection of bioactive materials, with the changes of external environment, the movement of water molecules promotes molecular layer fluctuation on the biological tissue surface and the original physiological balance is constantly being broken with environment change, and a large amount of biological water on the complex contour interface will fluctuates drastically. At the same time, with the process of dewetting, the ultra-thin biological water layer will produce a large amount of film rupture and shrinkage. These changes will lead to serious de-correlation of speckle pattern. In this case, in order to select the ideal speckle size, it is necessary to evaluate whether there is any compromise between the amount of information and the stability of the speckle pattern, so as to obtain the best phase image.
However, when the DSPI system is applied to the surface strain detection of active biomaterials in physiological state, the change of unstructured environment will seriously affect the stability of speckle pattern which will lead to decorrelation of speckles before and after deformation. The interaction between nonlinearity and disorder is one of the most challenging problems in complex optics. Therefore, how to establish the optimal speckle size constraint model through the parameters of the DSPI system and the characteristics of the detection object still need to be further explored. XIN TANG received the bachelor's degree in electronic and information engineering from the Shanghai University of Engineering Science. He is currently pursuing the master's degree in optical engineering with Donghua University. He is currently involved in the research of optical metrology, image processing, and optical sensors.
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